We present improved timing parameters for 13 millisecond pulsars (MSPs) including 9 new proper motion measurements. These new proper motions bring to 23 the number of MSPs with measured transverse velocities. In light of these new results we present and compare the kinematic properties of MSPs with those of ordinary pulsars. The mean transverse velocity of MSPs was found to be 85±13 km s −1 ; a value consistent with most models for the origin and evolution of MSPs and approximately a factor of four lower than that of ordinary pulsars. We also find that, in contrast to young ordinary pulsars, the vast majority of which are moving away from the Galactic plane, almost half of the MSPs are moving towards the plane. This near isotropy would be expected of a population that has reached dynamic equilibrium. Accurate measurements of MSP velocities have allowed us to correct their measured spin-down rates for Doppler acceleration effects, and thereby derive their intrinsic magnetic field strengths and characteristic ages. We find that close to half of our sample of MSPs have a characteristic age comparable to or greater than the age of the Galaxy.
INTRODUCTION
The discovery of the first millisecond pulsar (MSP) by Backer et al. (1982) heralded the study of a distinct subclass of the pulsar population. The sixty or so MSPs discovered since then distinguish themselves from the 'ordinary' pulsar population not only by their shorter rotation periods but also by their greatly reduced spin-down rates, which imply much weaker magnetic fields and characteristic ages comparable to that of the Galactic disc. These properties, as well as the high incidence of MSPs in binary systems, suggest that MSPs and ordinary pulsars possess different evolutionary histories (Alpar et al. 1982; Radhakrishnan & Srinivasan 1981; Chanmugam & Brecher 1987; Bhattacharya & van den Heuvel 1991, and references therein) .
MSPs are the paragon of rotational stability and allow us to develop timing models that can be used to predict the times of arrival (TOAs) of their radio pulses, in most cases with an uncertainty of the order of a few microseconds or less. The millisecond periods that give MSPs their names greatly facilitate the process of pulsar timing and permit very precise astrophysical measurements to be made (Kaspi, Taylor, & Ryba 1994) . Unlike ordinary pulsars which often show the deleterious effects of 'timing noise' over long periods of time, the level of such noise in MSPs does not prohibit the measurement of interesting physical parameters such as proper motion.
Proper motions of radio pulsars have been measured in a variety of ways. The original method employed conventional optical techniques to measure the proper motion of the Crab pulsar (Trimble 1971) . However, this technique has only limited use since <1 per cent of pulsars are visible at optical wavelengths (Wyckoff & Murray 1977; Bignami & Caraveo 1988) . The majority of pulsar proper motions have been measured using radio interferometric techniques (Lyne, Anderson, & Salter 1982; Bailes et al. 1990; Fomalont et al. 1992; Harrison, Lyne, & Anderson 1993; Fomalont et al. 1997) . A radio-linked interferometer is used to measure the separation of the pulsar and an extragalactic reference source in terms of interferometric phase. Changes in this separation at different epochs yield the pulsar's proper motion. A method used to determine pulsar speeds utilises measured changes in the pulsar's interstellar scintillation (ISS) pattern. These changes are interpreted as the result of the pulsar's motion relative to an hypothetical scattering screen midway between the observer and the pulsar (Cordes 1986) . Proper motion measurements of pulsars based on arrival times were first made by Manchester, Taylor and Van (1974) and have been made for a number of pulsars since (Helfand, Taylor, & Manchester 1977; Rawley, Taylor, & Davis 1988; Bell et al. 1995) . This technique is most applicable to pulsars with very low levels of timing noise since random timing irregularities can exhibit quasi-annual variations that may be misinterpreted as a positional offset or the pulsar's motion. The exceptional timing stability of MSPs over periods of years makes them ideal candidates for proper motion studies. To date, proper motions have been measured for 14 MSPs using arrival-time methods: PSRs J0437−4715 (Sandhu et al. 1997) ; J0711−6830, J1024−0719, J1744−1134, and J2124−3358 ; B1257+12 (Wolszczan 1994) ; J1713+0747 (Camilo, Foster, & Wolszczan 1994) ; B1855+09 and B1937+21 (Kaspi, Taylor, & Ryba 1994) ; B1957+20 (Arzoumanian, Fruchter, & Taylor 1994); J2019+2425 and J2322+2057 (Nice & Taylor 1995 ; J2051−0827 (Stappers et al. 1998 ) and J2317+1439 (Camilo, Nice, & Taylor 1996) . Thirteen MSPs have measured scintillation speeds: PSRs J0437−4715, J0711−6830, J1455−3330, J1603−7202, J1713+0747, J1730−2304, J1744−1134, J1911−1114, J2051−0827, J2124−3358, J2129−5718, J2145−0750 and J2317+1439 (Johnston, Nicastro, & Koribalski 1998) .
Pulsars are, as a class, high-velocity objects. Lyne and Lorimer (1994) have suggested that pulsars are born with a mean velocity of ∼450 km s −1 . Although Hansen & Phinney (1997) have derived a lower mean velocity of ∼250 − 300 km s −1 , it is clear that pulsar velocities are, on average, about a factor of ten higher than those of their progenitor O and B stars. Two theories have been put forward to explain these high space velocities: (i) the progenitor (close) binary is disrupted because more than half the system mass is lost during the supernova (SN) explosion (Blaauw 1961; Gott, Gunn, & Ostriker 1970) , and (ii) the pulsar receives a natal 'kick' resulting from the asymmetry of the SN event (Shklovskii 1970) . The most likely explanation may well be a combination of both.
MSPs on the other hand have relatively low speeds compared with the general pulsar population. The known MSP proper motions imply a mean transverse velocity of ∼100 km s −1 . Although much work has been done to model the kinematics of ordinary pulsars, the lack of measured MSP proper motions has made constraining MSP velocity models difficult. Recently Tauris & Bailes (1996) made Monte Carlo simulations of a large ensemble of binary systems using a number of different evolutionary scenarios. The velocity distributions they derived had means of ∼110 km s −1 assuming symmetric SNe explosions and ∼160 km s −1 with the inclusion of random asymmetric kicks. Their models are consistent with observed transverse velocities. They also predict an anti-correlation between orbital period and recoil velocity (although this becomes weaker with the introduction of random kicks). Cordes & Chernoff (1997) have used a parametric likelihood analysis technique to model MSP dynamics. The MSPs they evolved were initially given velocities with an isotropic angular distribution and magnitudes drawn from a Maxwellian distribution. This distribution of speeds had a dispersion of σV . Their analysis yield as most likely σV =52 +17 −11 km s −1 , a three-dimensional velocity dispersion of ∼84 km s −1 and observed transverse speeds < 200 km s −1 . For nearby MSPs, there is another motivation for determining pulsar velocities. The transverse motion of nearby MSPs results in an apparent acceleration that makes a significant contribution to their measured spin-down rates (Shklovskii 1970) . Knowing the transverse velocity and distances makes it possible to correct for this effect, extract the intrinsic spin-down rate, and thus calculate improved derived magnetic field strengths and characteristic ages. Corrected spin-down rates ensure that pulsars find their proper place in the P -Ṗ diagram from which physical conclusions may be drawn.
In §2 of this paper we describe our data collection and analysis methodology. In §3 we present improved timing parameters for 13 MSPs including nine new arrival-time proper motion measurements. The measurement of these new proper motions brings the number of MSPs with known transverse velocities to 23. In light of this, the aim of this paper is to bring together these results and investigate the kinematic properties that MSPs share as a class. To this end, in §4 we examine the velocity distribution of MSPs in the context of their origin and evolution. In particular we compare and contrast the velocities and dynamics of MSPs with those of ordinary pulsars. In §4 we also make use of these velocity measurements to derive intrinsic spin-down rates, magnetic field strengths and characteristic ages. §5 summarises our major findings.
OBSERVATIONS AND ANALYSIS
We used the Parkes 64-m radio telescope to make regular observations of the 17 MSPs discovered in the Parkes 70-cm survey Lyne et al. 1998 ) as well as a number of previously known MSPs visible from Parkes. The data presented in this paper has been collected since the end of 1994 using the Caltech correlator (Navarro 1994) . Over this period, at low frequencies we used a dual linear polarisation system centred at 0.66 GHz with a system noise of 90 Jy. Initially, at high frequencies, we used a 1.4 GHz dual circular polarisation receiver with a system noise of 40 Jy. Since 1997 April, the centre receiver of the Parkes Multibeam receiver system (dual linear polarisation and 26 Jy system noise) was used in its place. At 0.66 GHz we recorded a single 32 MHz band with 256 lags per polarisation. At 1.4 GHz, prior to 1995 July, a single intermediate-frequency (IF) band was recorded with 128 MHz of bandwidth and 256 lags per polarisation. This system was superseded by a dual-IF subsystem (Sandhu 1999 ) that made it possible to record two 128 MHz IFs with 128 lags per polarisation, centred on 1.4 and 1.66 GHz respectively.
The correlator is flexible enough to permit narrow-band observations with bandwidths of 64, 32, 16, 8 or 4 MHz using all the available lags. Diffractive interstellar scintillation results in a modulation of pulse intensity as a function of time and frequency, the time-scale and bandwidth of which increase with increasing frequency. For some MSPs, particularly at 0.66 GHz, a few scintles may be present across the (deg) 34 (14) 243 (5) observing bandwidth. In these cases it is feasible to centre an appropriately-sized narrow recording band over the scintillation maximum. The increased frequency resolution reduces dispersion smearing, and since most of the pulsar's flux density is concentrated in the scintles, there is a significant gain in signal to noise ratio.
The baseband data were 2-bit digitised and the autocorrelation functions (ACFs) computed by the correlator were folded at the topocentric pulse period to form 90-s sub-integrations with 1024 bins per lag. The ACFs were corrected for the non-linear effects of the digitisation process and Fourier transformed to produce power spectra for each sub-integration. Narrow-band interference was rejected prior to dedispersion, the data were compressed to 32, 16 or 8 frequency channels and saved to disk. A typical observation consisted of a contiguous set of sixteen 90-s subintegrations. Time synchronisation was provided by starting the first sub-integration coincident with the 10 s pulse from the observatory's time system traceable to the NASA DSN at Tidbinbilla using a microwave link, and from there to UTC(NIST) via common-view Global Positioning System observations.
After summing the sub-integrations and frequency channels within each observation, the highest signal to noise ratio (SNR) profiles were added to form standard profiles for each observing frequency and pulsar. The standard profiles at each frequency were cross-correlated to determine their relative phase offset and phase-shifted to match. Pulse TOAs were determined by cross-correlating the 24-min integrated profiles with the corresponding standard profile. Arrival-time data were fitted to a pulse timing model using the TEMPO program (Taylor & Weisberg 1989) . We used the DE200 ephemeris of the Jet Propulsion Laboratory (Standish 1982) to transform the TOAs to the solar system barycenter and the Blandford & Teukolsky (1976) model for timing pulsars in binary systems.
RESULTS
Of the 17 MSPs discovered in the Parkes 70-cm survey, we have eight binary and five isolated MSPs that show considerable improvement in timing accuracy compared with results published in their respective discovery papers (Bailes et al. 1994; Lorimer et al. 1995; Lorimer et al. 1996; Bailes et al. 1997) . The timing parameters resulting from the best fits to the TOAs are shown in Table 1 where figures in parentheses represent 1σ uncertainties in the last significant digits quoted. Table 1 shows we now have finite values for the eccentricities of four MSPs where only upper bounds existed previously. Finite values for the spin-down rate of two MSPs have also replaced previous bounds. Proper motions are listed in Table 2 . The nine pulsars for which we have new arrival-time proper motion measures are as follows; PSRs J0613−0200, J1045−4509, J1643−1224, J1455−3330, J1603−7202, J1730−2304, J1911−1114, J2129−5721 and J2145−0750. All but the first three MSPs have had their speeds determined in the scintillation study by .
Our timing analysis of PSR J1744−1134 has yielded a measure of its parallax. The parallax of π=2.7±0.4 mas corresponds to a distance of 370 +65 −47 pc (Toscano et al. in preparation), significantly greater than the catalogued distance of 166 pc (Taylor, Manchester, & Lyne 1993) . We have used this parallax-derived distance in our calculations.
The proximity of PSR J1730−2304 to the ecliptic makes measurement of its proper motion in declination difficult. Fitting for proper motion in ecliptic coordinates did not significantly improve the proper motion parameters. We have, however, used its motion in ecliptic longitude as a lower bound to its total proper motion.
The average time spanned by our data was ∼1130 days with an average of ninety 24 min observations per pulsar. Table 1 shows that the typical post-fit rms was under 2 µs. The majority of the fits returned values of χ 2 /ν (where ν is the number of degrees of freedom) of between 1.3 and 2.9. To compensate for systematic effects we multiplied the TOA uncertainties by a factor of between 1.1 and 2.7 chosen such that χ 2 /ν was unity. The trend in the TOAs for a small number of MSPs in our sample show low levels of unmodelled behaviour. The origin of these effects is most likely a combination of low signal to noise integrated profiles and the effects of radio frequency interference (RFI). At higher frequencies our data do not show the same extent of RFI contamination and therefore are a better measure of the intrinsic timing accuracy.
DISCUSSION

Pulsar velocities
Pulsar velocity distributions
The numerical modelling work of Tauris & Bailes (1996) and Cordes & Chernoff (1997) and the standard models for the formation of recycled pulsars (Bhattacharya & van den Heuvel 1991 , and references therein) all suggest MSPs have velocities much lower than their long-period counterparts. These lower velocities are qualitatively understood in terms of the asymmetry of the SN explosion and the fraction of mass suddenly ejected from the system during this event. These elements depend upon the characteristics of the system prior to the SN which, in turn depend upon a number of factors including; the rate and duration of mass loss and/or transfer, the nature of the common-envelope phase of binary evolution, and the peculiar evolution of each star. The distinction between the velocities of ordinary pulsars and MSPs is evident from the histograms of pulsar velocities in Fig. 1. A Kolmogorov-Smirnov test shows that the probability that the respective velocities were drawn from the same distribution is <10 −5 . Most of the ordinary pulsars have velocities up to 500 km s −1 with a small number of pulsars with velocities as high as ∼1000 km s −1 . The vast majority of MSPs, however, have velocities less than ∼130 km s −1 and average just 85±13 km s −1 . Assuming this velocity distribution is isotropic, the rms total space velocity of MSPs is expected to be V 2 1/2 =( 
1/2 =74 km s −1 . Even after excluding proper motion measurements with values less than 4σ, MSPs remain on average a factor of four slower. We present stronger evidence for the suggestion that isolated MSPs have lower velocities than binary MSPs (Johnston, Nicastro, & Koribalski 1998) . We note that isolated MSPs are on average two-thirds slower than binary MSPs and so any model for the formation and evolution of isolated MSPs should take this into account.
The implications of such a comparison are, however, mitigated by observational selection effects. Dispersion measure smearing and scattering by the ISM of short-period pulsar signals reduces their detectability. As a consequence the volume surveyed in a blind search for pulsars will be considerably less for MSPs than for slower pulsars. Most of the observed MSPs are isotropically distributed within ∼1 kpc of the Sun. Because the observed population of MSPs is so 'local' it is likely that high velocity pulsars moving perpendicular to the plane of the Galaxy will have been selected against in pulsar surveys. Approximately two thirds of MSPs are found in binaries whereas only ∼1 per cent of pulsars with periods greater than 100 ms are in binary systems. The space velocity of binary MSPs is expected to increase with decreasing orbital period (Tauris & Bailes 1996) . However, searches are less sensitive to short orbital period pulsars because of orbital acceleration effects. Our data do not show any significant correlation between velocity and orbital period. A comprehensive analysis of the observational selection effects is beyond the scope of this paper, however, the 23 MSP velocity measurements are qualitatively consistent with the predictions of the aforementioned MSP models. 
Pulsar dynamics and motion away from the plane
In a study of the proper motions of 26 ordinary pulsars Lyne, Anderson & Salter (1982) demonstrated that pulsars were in general moving away from the Galactic plane; an observation consistent with the view that pulsars are born in a population with a scale height of 70 pc and move away from the plane with a z-velocity of ∼100 km s −1 . The work of Harrison, Lyne & Anderson (1993) brought the number of pulsars for which the transverse velocity was not simply an upper limit to 66 and added further weight to this argument. Harrison et al. also showed that the small number of pulsars moving toward the plane must have been born at large z-heights since they were not old enough to have undergone at least a quarter of a period of Galactic oscillation from a birthplace near z=0. The lower panel of Fig. 2 shows the motion of the 89 ordinary pulsars with measured proper motions (Taylor, Manchester, & Lyne 1993 ) over a period of 1 Myr. Although these plots do not take into account the effects of the unknown radial velocity, it is evident that the general motion of ordinary pulsars is directed away from the plane.
For a more accurate measure of the bulk motion of pulsars we chose to eliminate pulsars with velocities less than 4σ. To avoid including pulsars that were still within the progenitor layer (|z| < 200 pc) we have also eliminated pulsars with (τc × vz) < 200 pc, where τc is the characteristic age in Myrs and vz is the component of velocity perpendicular to the plane in km s −1 . These criteria leave us with a total of 24 pulsars. The distribution of their Galactic latitude velocity component is symmetric about a mean of 24±55 km s −1 . Multiplying these velocities by b/|b| assigns them a positive value if their motion is away from the plane and negative otherwise. The distribution of velocities multiplied by this factor has a similar dispersion but about a mean of 165±43 km s −1 . This implies that the majority (20) are moving away from the plane.
The period of oscillation in the Galactic potential for a pulsar on the plane imparted with an initial z-velocity of 100 km s −1 is ∼150 Myrs (Oort 1965) . Although large compared with the average age of ordinary pulsars, this time is only a fraction of the typical lifetimes of MSPs (∼1 Gyr). We would, therefore, expect MSPs to form a dynamically old population that has reached dynamic equilibrium. Selection effects notwithstanding, we should observe as many MSPs moving toward the plane as away. The upper panel of Fig. 2 illustrates well the apparent isotropy of MSP motion over a period of 3 Myrs. Taking the 17 MSPs with velocities greater than 4σ we find their velocity distribution in b has a mean of −27±16 km s −1 . Multiplying these velocities by b/|b| results in a similar mean velocity of −20±17 km s −1 suggesting that almost half the pulsars were moving away from the plane. This is in general agreement with the velocity isotropy expected for such an old population.
Another clue to the age of MSPs is evident in their asymmetric drift. A virialised population with a significant radial velocity dispersion will rotate slower about the Galaxy than the local circular speed (Mihalas & Binney 1981) . Only an old population is expected to have come close enough to a virialised state to show this effect. The signature of asymmetric drift in this case would be an excess of MSPs moving in the opposite direction to the local flow. To see if this effect was apparent we corrected our proper motion derived velocities for the motion of the Sun with respect to the local standard of rest. Because of the unknown contribution of the radial velocity we removed from our sample those MSPs which had l within 25
• of l=90 • or 270
• , and b within 25
• of the Galactic poles. We restricted ourselves to MSPs velocity measurements more significant than 4σ since large errors can reverse the apparent direction of the velocity. This selection leaves us with a total of ten MSPs of which seven are moving in the direction expected of asymmetric drift. The average velocity of these MSPs is 25±12 km s −1 directed opposite to the local flow, a clear manifestation of asymmetric drift and of the dynamic equilibrium of the MSP population.
Comparison with scintillation velocities
Of the 13 MSPs for which Johnston et al. (1998) have measured scintillation speeds we have improved arrival-time proper motions for four and new proper motions for six. The scintillation speeds, VISS, they present were derived using the following equation (Gupta 1995) : Figure 1 . Histograms of transverse velocities for 89 ordinary pulsars (P > 20 ms) and 23 millisecond pulsars. The mean transverse velocity for MSPs is 85±13 km s −1 , approximately a factor of four slower than the mean transverse velocity of ordinary pulsars. A Kolmogorov-Smirnov test shows that the probability that these velocities were drawn from the same distribution is <10 −5 . 
Here D is the distance to the pulsar, f is the observing frequency, tiss and ∆ν are respectively the decorrelation time and bandwidth, X is the ratio of observer-screen distance to screen-pulsar distance, and the constant 3.85×10 4 is derived by assuming a Kolmogorov turbulence spectrum for the interstellar medium (Gupta, Rickett, & Lyne 1994) .
Johnston et al. found that for 9 MSPs, under the assumption that the screen was located midway between the observer and the pulsar (i.e. X=1), the average ratio of the proper motion velocity to the scintillation speed was 1.05. Using our new and improved proper motion velocities we found that for 12 MSPs the average ratio was 0.98. Only for 5 MSPs does the ratio differ from unity by more than 20 per cent: 0.7 for PSR J0437−4715, 0.8 for PSR J2129−5718, 0.6 for PSR J2317+1439, 1.3 for PSR J0711−6830 and 1.4 for PSR J2124−3358. This would suggest that the location of the scattering screen is respectively 30, 36, 29, 64 and 67 per cent of the way to the pulsar. We have not included PSR J2051−0827 for which the scintillation speed is more than a factor of three larger than the proper motion velocity. It is likely that the wind from this MSP's companion is effecting it's scintillation properties and thereby contributing to the discrepancy in velocities.
The intrinsic spin-down rates of MSPs
Background
The observed spin-down rates for MSPs are approximately six orders of magnitude lower than those of ordinary pulsars. As a consequence the contribution to the measured period derivative,Ṗm, from acceleration effects, cannot be ignored. Damour & Taylor (1991) cite three Doppler accelerations that may biasṖm, namely; the effect of Galactic differential rotation (GDR), vertical acceleration in the Galactic potential, and the transverse velocity of the pulsar. We may express the intrinsic spin-down rate asṖi =Ṗm − δṖ where
The first term in this expression accounts for the effects of GDR with the Sun's galactocentric radius and rotation velocity set to R0 =8.0 kpc and v0 =220 km s −1 respectively (Reid 1993) . Here l and b are respectively the pulsar's Galactic longitude and latitude. The second term in this equation was first identified by Shklovskii (1970) as the apparent acceleration caused by the transverse velocity of the pulsar vt at a distance d, while the last term corresponds to the vertical acceleration experienced by the pulsar in the Galactic potential. The magnitude of az is derived from the Galactic potential model of Kuijken & Gilmore (1989) and is given by az c = 1.08 × 10
where z=d sin b is the height above the Galactic disc in kpc.
In column 6 of Table 2 we list the derived δṖ for the 23 MSPs with known proper motions. The transverse velocities used were derived from the proper motion measurements in column 2. For these MSPs the vertical acceleration term contributes the least to δṖ with an average value of ∼3×10 −22 , while the GDR effect had an average magnitude of ∼5×10 −22 . By far the most significant effect comes from the transverse velocity term which was on average ∼9×10 −21 . Column 7 lists the intrinsic period derivatives, Pi. In the majority of cases these are significantly less than the measured spin-down rates in column 5.
It is interesting to note that if PSR J1024−0719 is assumed to be at its dispersion measure derived distance of 354 pc then the magnitude of δṖ would be larger than that of its measured period derivative. Since the δṖ correction of 2.9×10 −20 is dominated by the transverse velocity term and the proper motion measure is significant, we are certain that the dispersion measure distance is an overestimate. Under the assumption that the measured period derivative is completely due to the transverse velocity we can place a firm, model independent upper limit on the distance to PSR J1024−0719 of 226 pc. A distance to PSR J1024−0719 of 200 pc, consistent with a parallax of π=5±4 mas (at the 1σ level), and consistent with the aforementioned upper limit, was used in our calculations.
Magnetic fields, characteristic ages and death lines for MSPs
Using a magnetic dipole spin-down model with a braking index n, the age of a pulsar, t, may be related to its current period, initial period, P0, and spin-down rate thus,
Assuming P0 ≪ P and n=3 we obtain an expression for the pulsar's 'characteristic age' t = τc ≈ P/(2Ṗ ). If the surface magnetic field is taken to be dipolar then its magnitude is given by B ≈ 3.2×10 19 (PṖ ) 1/2 G, where P is in seconds. The last two columns of Table 2 list Bi and τc,i, respectively the magnetic field strength and characteristic ages calculated using the intrinsic spin-down rates.
In Fig. 3 we plot magnetic field versus rotation period for the MSPs, showing the magnitude of the correction to the measured spin-down rate. The correction applied not only results in a decrease in the derived magnetic field strength but also an increase in characteristic age. Fig. 3 shows that, of the 23 MSPs, ten are found to have ages close to or greater than 10 Gyr (the so-called 'Hubble limit'). The apparent paradox of MSPs with ages greater than that of the Galaxy (9±2 Gyr; Winget et al. 1987 ) may be resolved in several ways (Camilo, Thorsett, & Kulkarni 1994) . Firstly, the assumption that P0 ≪ P may be incorrect, and in fact, the 'oldest' MSPs are born with initial periods close to their current values. This would suggest that the mass accretion rate in low-mass systems is well below the Eddington-limited rate. Secondly, the braking index may be greater than three because of multipolar magnetic field structure or angular momentum loss to gravitational radiation or indeed is time variable. If MSPs do, however, possess true ages comparable to the age of the Galaxy then their study would offer us the exciting prospect of investigating the earliest processes of star formation in our Galaxy. Most models of the spin-down evolution of pulsars predict a cessation of radio emission when electron-positron pairs can no longer be produced. The region of the B-P space where the emission terminates for a particular pulsar depends upon the structure and magnitude of its magnetic field and defines the so-called 'death valley' for long-period pulsars (Chen & Ruderman 1993) . The attempts to define an equivalent 'death line' for short-period pulsars (Rudak & Ritter 1994; Qiao & Zhang 1996; Björnsson 1996) have been plotted in Fig. 3 . We note that no single death line falls below all the points.
CONCLUSIONS
In this paper we have presented improved timing parameters for 13 MSPs including nine new proper motion measurements. Combining these results with previous measurements brings the number of measured MSP velocities to 23. The analysis of these velocities have lead to the following conclusions:
• The transverse velocity distribution of MSPs has a mean value of 85±13 km s −1 ; approximately a factor of four slower than the mean transverse velocity of ordinary pulsars. The MSP velocity distribution we derived is qualitatively consistent with the models of Tauris & Bailes (1996) and Cordes & Chernoff (1997) , and the scintillation speeds measured by Johnston et al. (1998) .
• MSPs form a dynamically old population. As expected for a population that has reached dynamic equilibrium, almost as many MSPs are moving toward the Galactic plane as away. This is in contrast with the young population of ordinary pulsars which have a bulk motion directed away from the plane. MSPs also show an asymmetric drift characteristic of a virialised population.
• Our corrections to the spin-down rate of MSPs result in increases in characteristic ages and decreases in the derived surface magnetic field strengths. In particular, almost half of the MSPs for which this correction has been made have characteristic ages comparable to, or greater than, the age of the Galaxy. Such large ages may be accounted for if the birth periods are close to the current periods.
